Corolla life span of undetached flowers of Nicotiana tabacum was divided into stages from the closed corolla (stage 1) through anthesis (stage 5) to death (stage 9). Senescence began around stage 6 in the proximal part, concomitantly with DNA laddering. Nuclear blebbing, DNA laddering, cell wall modification, decline in protein, water, pigment content and membrane integrity were observed during senescence and PCD. Transglutaminase activity was measured as mono-and bis-derivatives of putrescine (mono-PU; bis-PU) and bis-derivatives of spermidine (bis-SD). Bis-derivatives decreased with the progression of senescence, while mono-PU increased during early senescence; derivatives were present in different amounts in the proximal and distal parts of the corolla. In excised flowers, exogenous spermine delayed senescence and PCD, and caused an increase in free and acid-soluble conjugated PA levels. Bis-PU was the most abundant PA-derivative before DNA laddering stage; thereafter, bis-PU generally decreased and mono-PU became the most abundant derivative.
Introduction
In plants, free aliphatic polyamines (PAs) have a well established role in the stimulation of cell division, in growth, and in the delay of senescence. They are therefore considered`juvenility' factors. In fact, when supplied to excised leaves, PAs can temporarily prevent membrane damage, and protein, nucleic acid and chlorophyll degradation. 1 ± 4 The molecular mechanism underlying this protective role has not yet been completely clarified. PAs in bound form, and in particular those conjugated to specific proteins through the action of a family of Ca 2+ -dependent transamidating enzymes, the transglutaminases (TGases), also deserve particular attention, as they can affect the conformation and function of the proteins to which they are linked. 5 The best known role of TGases is to stabilise proteins 6 by catalysing the formation of cross-linkages between glutaminyl-and lysylresidues, or between glutaminyl-residues and polyamines thus forming mono-or bis-PA derivatives. In the latter case, bridges' among proteins can be formed. From such multiple linkages, a large protein net can be produced as described for both plant and animal cells. 6 ± 8 TGases have a low activity in growing cells, whereas it is well established that enhanced TGase gene expression, protein accumulation and/or activity are associated with animal cell death. In 1987, Fesus and co-workers 9 published the first study on the involvement of tissue TGase (tTGase) in induced liver hyperplasia. Later on, a clear role for TGases was revealed in the formation of apoptotic bodies 10 and in many mammalian systems 11 ± 17 suggesting that TGases are downstream effectors in the later stages of apoptosis. 12 ± 15 However, tTGase expression also occurs as an early apoptotic event;
14 indeed tTGase, due to its bifunctional activity as transglutaminase but also as GTPase, can also act as effector in the prevention of cell death. Despite the large body of information accumulated in recent years, many aspects regarding TGase function in apoptosis remain to be elucidated.
TGases are now known to be present also in plants. 18 ± 21 Plant TGases may be involved in growth by cell division, 7, 22, 23 in apical growth, 24 as well as in stress responses. 25 Evidence for their structural role comes from the identification of some of their substrates, e.g. actin and tubulin 24 or cell wall proteins, 21 and through its involvement in the polymerisation of Rubisco. 26 Different roles for TGase have been proposed in chloroplasts 27 and mitochondria. 28 In contrast to the considerable number of reports concerning TGase in dying animal cells, no information is available regarding this enzyme family during PCD in plants. Indeed, knowledge about PCD in plants lags far behind that of animal PCD. 29 Most of the studies are focused on the hypersensitive response to pathogens or stress-induced cell death. 30 ± 32 A few studies have dealt with leaf senescence and death. 33 Another system of great interest is the flower, in which both reproductive organs and petals undergo highly reproducible morphological and physiological modifications during their life span, including PCD. 34 ± 36 Petals have a vexillary role in attracting insects for pollination. In most flowers, pollination acts as a signal leading to disposal of the petals, even though in short-lived flowers senescence is controlled by an independent endogenous programme completed by cell death. 37 Plant hormones such as ethylene and its immediate precursor, 1-aminocyclopropane-1-carboxylic acid, cytokinins, and abscisic acid as well as other factors seem to regulate petal senescence. 36, 38, 39 In fact, the gene`defender against apoptotic death', Dad-1, is an evolutionarily conserved inhibitor of animal PCD which is downregulated by ethylene. Its expression declines dramatically in pea petals after anthesis, in relation to an increase in DNA fragmentation. 40 Little information is available on the relationship between free PAs and flower senescence. 36.41 In order to address the question as to the involvement of protein-conjugated PAs in plant senescence and PCD, in the present study the corolla of Nicotiana tabacum flowers was selected as a model system because it offers several advantages: 42 it senesces in a rapid and predictable manner without the need for pollination, it is large, and has a rather homogeneous histological composition. Senescence and death were studied in planta on undetached flowers, where both events occur naturally without the need to induce them artificially. The different stages of maturation, senescence and death were established macroscopically based on morphological parameters. The timing and localisation of the most characteristic events were evaluated by biochemical and physiological analyses as well as cytological observations. TGase activity, as revealed by the formation of glutamyl derivatives, was assayed in the various stages and in different parts of the corolla. In order to evaluate the anti-senescence effects of PAs, detached flowers were treated with exogenous spermine (SM) and, for comparative purposes, with an inhibitor of ethylene action, silver thiosulphate (STS), previously shown to delay senescence in flowers. 37, 43 In order to establish a correlation between TGase activity and rate of senescence, glutamyl derivatives of PAs were monitored.
Results

Entire corolla of undetached¯owers
The morphological and physiological characteristics of the corolla of undetached flowers were analyzed in order to identify the stages of development and senescence; the time-course of senescence and PCD was monitored on the basis of several biochemical parameters after extraction of the whole corolla.
Morphological observations
The developmental stages of the¯ower and the relative morphological characteristics of the corolla are shown in Figure 1 . Based on macroscopical observations, the following stages were identi®ed: Stages 1 ± 2: Developing¯ower. The corolla is green, open and teeth are erect.
Stages 3 ± 4: Developing¯ower. The corolla is still mainly green but the very distal part is turning pink. Teeth are opening outwards.
Stage 5: Anthesis. The distal part of the corolla has an intense pink colour while the proximal portion is green. The teeth are patent and form an angle of about 908 with the lower tubular part of the corolla.
Stage 6: Transition stage. Similar to the previous stage, but the corolla presents an intense pigmentation.
Stage 7: Senescence. The corolla presents an appreciable loss of turgidity and colour. The very basal part exhibits a brown ring that marks the future abscission zone.
Stage 8: Late senescence. Teeth curl inwards and become brown. The corolla is drying.
Stage 9: Death. The corolla is dry and de-pigmented. It is easily detached whole from the receptacle.
Stage 10: The corolla is completely papyraceous and brown; it drops spontaneously.
Biochemical indicators of senescence and PCD Percentage water content of the corolla increased slightly up to stage 6 and then decreased, showing that wilting had begun ( Figure  2A ). Due to water loss, the data reported below are expressed on a dry weight basis.
Conductivity, which is an index of membrane integrity, remained low until stage 5 (100%), increased slowly till stage 7 and much more sharply, and significantly, thereafter ( Figure 2B ).
The pink colour, due to anthocyanin content, increased until stage 6 and decreased thereafter with a statistically significant trend ( Figure 2C ). Chlorophyll content, measured as phaeophytin after acidic treatment, significantly decreased especially between stages 5 and 6 ( Figure 2D ).
Total protein concentration showed a maximum at stage 6 and then significantly decreased ( Figure 2E ).
Protease activity began to increase at stage 5, peaked abruptly and significantly at stage 6, and then dropped at the later stages ( Figure 2F ). Inhibitors of serine-and cysteine-proteases were used in assays performed with extracts of flowers at stage 6 in order to characterise the type of protease activity (inset Figure 2G) . Phenylmethylsulphonylfluoride (PMSF) had a very scarce effect, whereas leupeptin significantly reduced protease activity to 30% of control values, suggesting that cysteine-proteases were probably active.
The agarose gel analysis showed that nuclear DNA was still undigested at stage 5; DNA laddering began at stage 6, and continued in the subsequent stages, as shown by comparison with standard digested DNA (Figure 3 ). At stages 6 and 7, the corolla was cut into a proximal and a distal part (see below), and their respective DNA patterns also shown in Figure 3 .
Transglutaminase activity TGase activity was measured as the recovery of total labelled (gamma-glutamyl)-derivatives of PAs ( Figure 4A ). Mono-(gamma-glutamyl)-putrescine (mono-PU), bis-(gamma-glutamyl)-putrescine (bis-PU) and -spermidine (bis-SD) were detected in corolla extracts ( Figure  4B ). Bis-PU was the most abundant product at all stages, and its content showed a statistically signi®cant decreasing trend with increasing age of the corolla (stages 3 to 8). The amount of bis-SD also exhibited a similar decreasing trend, in contrast with mono-PU which signi®cantly increased at stage 7.
To evaluate the Ca 2+ -dependence, TGase activity, in this case evaluated after TCA precipitation, was checked in the presence of different Ca 2+ concentrations. Results show that activity was stimulated at concentrations above 0.25 mM, and inhibited by EGTA at concentrations above 10 mM ( Figure 5 ). The residual activity, detected at high EGTA concentrations, is to be considered Ca 2+ -independent, and indeed possibly not due to TGase.
Proximal vs distal parts of the corolla of the undetached flower
Having established that the whole corolla at stages 6 and 7 revealed the first signs of the occurrence of the main PCD Student's t-test for the correlation coefficient of the parameters as a function of flower stages was significant at P50.05 for (B ± E). In (F) the differences between the mean value at stage 6 and the other values was significant at P50.01. In (G) the difference between the mean values of the leupeptin-treated and untreated samples was significant at P50.05 events, the latter were monitored separately in the proximal and distal parts of the corolla in order to localise their onset. Thus, the corolla was transversely dissected into two halves (same length, but different weight) and microscopic observations were performed on their nuclei and cell walls. In addition, both parts were extracted separately for further biochemical analyses.
Microscopical observations
The epidermis of the corolla of owers at stages 5, 6 and 7 was peeled off and immediately observed under the microscope in order to check for auto¯uorescence of the cell walls at 436 nm. The same parts of the corolla were stained with DAPI and observed under UV light at 365 nm. At stage 5, used as non senescent control, no appreciable differences between the proximal and distal parts were visible: cell walls were poorly auto¯uorescent and nuclei were spherical (see Figure 6A , C, E). At stage 6, the cell walls of the epidermis from the distal part of the corolla were still hardly visible, whereas those of the proximal portion were markedly auto¯uorescent, ( Figure 6A , B). In the distal part, nuclei of DAPI-stained cells were, as in the previous stage, spherical ( Figure 6C , E), whereas in the proximal one, blebbing of nuclei was frequent and some nuclear fragmentation also occurred ( Figure 6D , F). Cell walls were not visible in the distal portion, but were markedly stained in the proximal one ( Figure 6C , D, E, F). At stage 7, both parts of the corolla presented the same characteristics as the proximal part of stage-6¯owers (not shown). By staining cells with toluidine blue, the same nuclear features and signs of cytoplasm coagulation were visible (not shown).
Biochemical indicators of senescence and PCD Water loss ®rst became evident in the proximal part of stage-7¯owers. At stage 8, water content further decreased, especially in the proximal part (data not shown). Total protein concentration was considerably (about 70%) lower in the proximal part of the corolla than in the distal one, especially at stage 6. At stage 7, the distal portion also underwent a considerable decline (by about 30%) in protein content (data not shown). The distal portion at stage 6 exhibited an almost twofold higher protease activity than the proximal one (data not shown). Nuclear DNA laddering was weak but visible both at stages 6 and 7 in the proximal part of the corolla, whereas in the distal one laddering became evident only at stage 7 ( Figure 3 ).
Transglutaminase activity At stage 6, the amount of glutamyl-derivatives was not signi®cantly different in the distal and proximal parts of the corolla. In both portions, bis-PU was the most abundant, followed by mono-PU and bis-SD in that order. On the contrary, at stage 7, the concentration of 
Corolla of excised flowers
Flowers at anthesis (stage 5) were excised and treated with 5 mM SM, and compared with either 0.25 mM STS or water controls. Exogenously supplied SD and PU were also assayed but were less active in delaying senescence (data not shown).
Macroscopical and biochemical indicators of senescence and PCD The morphological stages reached in relation to time after excision are reported in Table 1 . At the concentrations tested, SM and STS slowed down¯ower senescence. In fact, after 48 h, 50% of the untreated¯owers were at stage 6 (early senescence) and 50% at stage 7 (senescence), whereas 80% of STS-treated and 70% of SM-treated ones were still at stage 5. The rest (20 and 30%, respectively) presented symptoms of early senescence. After 70 h, water controls were dying or dead (stages 8 and 9), whereas most of the STS-treated owers were still in the early senescence stage. Anthocyanin content significantly decreased between excision (0 h) and 70 h in corollas of untreated flowers, Figure 5 Transglutaminase activity (measured on the basis of the Lorand assay as TCA pelletable radioactivity) as a function of CaCl 2 and EGTA supply to the assay mixture. EGTA was preincubated for 10 min. According to Student's t-test, the correlation coefficient of the TGase activity was significant for increasing CaCl 2 and EGTA concentrations (respectively P50.05 and 50.01). The mean values for 100 mM EGTA and 2 mM CaCl 2 were significantly different from each other as well as from untreated controls (P50.05) Cell Death and Differentiation
Transglutaminase in PCD of flowers D Serafini-Fracassini et al whereas it significantly increased in SM-and STS-treated ones ( Figure 7A , A'). Phaeophytin content decreased significantly and to the same extent both in controls and treated flowers ( Figure 7B , B'). Total protein content in untreated controls decreased markedly only 70 h after excision, and was not significantly different from that of SMand STS-treated flowers ( Figure 7C, C') . Protease activity showed a significant increase at 24 and 48 h in SM-and STS-treated flowers, respectively ( Figure 7D, D' ). DNA laddering was evident in corolla cells of untreated flowers already 24 h after excision; in SM-treated flowers this event was observed only after 48 h, while in STStreated ones, DNA laddering was even more delayed, as it occurred between 48 and 70 h (Figure 8 ).
Polyamine content As treatment with SM was likely to affect the cellular content of this PA as well as that of its metabolic derivatives, free and TCA-soluble conjugated PAs were measured in untreated controls and SM-treated¯owers. Free PA concentration was stable in untreated controls, whereas free SM content signi®cantly increased several-fold in SM-treated¯owers at 24 h and even more so at 48 h ( Figure 9C ). Free PU was also more abundant than in untreated controls at 24 h ( Figure 9A ). TCA-soluble conjugated PAs constituted most of the total PA pool in tobacco¯owers, as also previously observed. 44 Their levels were also rather constant, except conjugated SD which signi®cantly increased between 24 and 48 h in untreated owers ( Figure 9A ', B', C'). SM and SD conjugates were considerably higher in SM-treated¯owers compared with untreated ones, the differences being again more conspicuous at 24 h, when SD and SM conjugates were 200% of controls.
Transglutaminase activity The biochemical parameters described above, and especially DNA laddering, clearly showed that¯owers undergo senescence after different time spans. Therefore, in order to compare the TGase activity of¯owers at the same physiological stage, DNA laddering was taken as an index of the beginning of senescence; the relative amount of the three glutamylderivatives determined before and after the occurrence of this event (pre-DNA l and post-DNA l ), are reported in Figure  10A , B, C. In all cases, namely in SM-or STS-treated and in untreated corollas, mono-PU levels were signi®cantly different in pre-DNA l and post-DNA l states; bis-PU levels were also different in the two conditions (STS-treated and untreated control).
Glutamyl-derivatives of SM were undetectable using this in vitro TGase assay. This could be due to the fact that the amount of SM synthesised from labelled PU during the assay is very small; in SM-treated flowers, it could also be due to the dilution effect caused by the large amount of unlabelled SM taken up. In order to check if SM incorporation into conjugated forms could take place in vivo, [ 14 C] SM was supplied to the medium in which the pedicels were immersed. Mono-glutamyl SM was detectable in corolla extracts at 24 h, and its content doubled at 48 h (data not shown).
Discussion
Corolla of undetached¯owers
The different morpho-functional parameters analyzed in the present study (nuclear blebbing, DNA laddering, cell wall modification, protein content, loss of membrane integrity, decrease in water content and in pigments) allowed us to evaluate the timing and localisation of the onset of corolla senescence and cell death. Senescence is a gradual event which begins around stage 6 and it is completed by death at stage 9. PCD begins in the proximal part of the corolla (where its abscission will eventually take place) and then the entire corolla dehydrates and dies.
Whereas protein content decreases gradually during senescence, proteases, detected by the in vitro method used here, are particularly active only during a short period around stage 6. However, their in vivo activity could be different than that assayed in vitro in relation to cellular pH and/or compartmentation. In fact, there does not seem to be a strict correlation between in vitro protease activity and total protein pool size; alternatively, proteases may hydrolyse only specific proteins. The role of these proteases during PCD remains to be further investigated. Cysteine-proteases have been suggested to be good candidates for cell death initiation also in plants. 29 Caspases belong to this enzyme family and are well known to have a relevant role in animal apoptosis, whereas only recently the presence and activity of caspase-like enzymes have been reported in plants, including tobacco leaves, 45 in relation to cell death. 46, 47 A relationship exists between caspases and TGase during animal PCD: the latter enzyme is one of the substrates of caspases during lymphoid cell apoptosis. 48 Moreover, caspases cleave several proteins which also undergo tTGase-catalysed post-translational modifications during apoptosis. 16 In the present work, TGase activity was evaluated on the basis of the glutamyl-derivatives produced. This approach provides unequivocal evidence that PA conjugation is mediated by a TGase, and avoids misinterpretations as to the extent of TGase activity as occurs with other methods. This is also supported by the Ca 2+ -dependence of the activity. Results show that PU supplied in the assay medium is conjugated as such but also metabolised to SD, and that the latter is conjugated by the enzyme to give bis-SD in an amount which is comparable to that of conjugated PU. Compared with the concentration of exogenously supplied PU, the amount of endogenous PU and SD in the flower extract is negligible.
In the present plant system, bis-PU was the most abundant PA-derivative except in late senescence. The bis-PU and bis-SD levels showed a significant decreasing trend with increasing corolla age, whereas mono-PU significantly increased at stage 7. The mono-PU/bis-SD ratio ranged around 1 and increased starting from stage 7, when senescence is already evident and dehydration sets in. A similar result was observed also in detached flowers, confirming that the relative proportion among the three derivatives is different in non-senescent and senescent corollas. Also in isolated chloroplasts, exogenously supplied free PU and/or SD was metabolised in order to produce a definite mono-PU/bis-SD ratio. 49 Mono-and bis-derivatives could play a different role. In fact, bis-PAs allow different proteins to cross-link with each other or to form intramolecular bridges of different lengths, depending on the size of the PAs involved, with an obvious structural consequence. Mono-PAs can affect the net charge of proteins, but it must be considered that the free charged amino group is very reactive and could even form non covalent linkages with other molecules. Mono-PAs can also be considered as intermediates for the formation of bisPAs, and thus their level depends on the rate of conjugation of a free PA to a glutaminyl residue and its further conjugation to another. Moreover, some mono-PAs are substrates of polyamine oxidases, and thus their levels can be regulated. 18 As in mammals, 14 the possibly multiple roles of TGase in tobacco PCD are difficult to establish. Useful information can be provided by studies on TGase localisation and type of substrates. Many cell structures and compartments are involved in the different stages of senescence and cell death in Nicotiana petals, i.e. cytoskeleton, cell walls, nuclei, chloroplasts and vacuoles. Subcellular compartmentation of plant TGases has been observed in Helianthus leaves and maize calli; 27, 50, 51 in some compartments TGase could play a specific role. As suggested by the present data, the highest production of bis-derivatives, especially bis-PU, occurs in the phases of development and anthesis (stages 3 ± 5) when the corolla changes shape in order to favour the pollination process. The cytoskeleton and cell walls may be responsible for this change of shape. In analogy with the animal cell, 52 it is known that also in plants cytoskeletal proteins are targets for TGases, as shown during apical growth of pollen tubes, where actin and tubulin are modified by PAs. 24 Starting from stage 6 when senescence begins, a relevant event takes place in the corolla, i.e. the modification of cell walls, as indicated by the appearance of autofluorescence, purported to be due to wall-bound phenolic substances. 53 This process first affects those cells located in the most basal part of the corolla and then spreads to the entire organ. Recently, proteins located in the cell wall of the alga Chlamydomonas 21 were reported to be substrates of TGase, but no information is available regarding higher plants. Other relevant events occurring at first in the basal part at stage 6 and then throughout the corolla in the later stages of senescence are nuclear blebbing and DNA laddering. In mammal cells undergoing these nuclear events and apoptotic body formation, histones and actin 16,52,54 ± 56 are substrates of TGase.
Chloroplasts, present in the corolla especially in its early developmental stages, are very important as energy suppliers, and their functionality is dependent on chlorophyll content. The latter declined markedly between stages 5 and 6. Chloroplast TGases (ChlTGases) are different from those of the cytoplasm and are active in chloroplasts of both higher and lower plants. 20, 27, 51, 57, 58 Having as substrates the antenna complexes and Rubisco, 26, 27 they are possibly involved in photosynthesis. The decrease in total TGase activity during petal senescence could thus be partly related to the breakdown of chloroplasts. In leaves, chloroplast swelling, together with rupture of the tonoplast membrane, are signs of cell death. The latter also occurred in the corolla; it gradually increased with time, as indicated by the increase in conductivity and by the decrease in anthocyanin content after stage 6.
A comparative analysis of the two parts of the corolla (at stages 6 and 7) showed that they were at different stages of senescence as also evidenced by the following: (a) protein content did not change in the proximal part between stages 6 and 7, whereas an evident decrease took place in the distal part; (b) proteases were more active in the distal part, concomitantly with the appearance of DNA laddering; (c) conjugated PAs were much higher in the proximal part than in the distal one.
In conclusion, in tobacco corollas, histologically similar but differently located cells are affected in succession by an endogenous programme of senescence and cell death involving their different compartments.
Corolla of excised flowers
Senescence, and thus cell death, was delayed by exogenously supplied SM (which was more efficient than PU or SD) and STS; the latter, however, exerted a more long-term effect. Both treatments caused a delay in DNA fragmentation, the prolonged maintenance of the pink colour of the corolla, indicative of delayed vacuole damage, as well as of chlorphyll content, suggesting that chloroplasts remained viable for a longer period of time. STS is a well-known antagonist of ethylene action. The idea that PAs also exert an anti-ethylene, and thus an anti-senescence action, has indeed been put forward, 4 and inhibition of ethylene biosynthesis by PAs has been reported. 41 Again, no clear correlation was found between total protein content and in vitro protease activity.
TGase activity was different in SM-or STS-treated flowers and in untreated controls. However, both in preand post-DNA laddering stages, the relative proportions of the three glutamyl-derivatives were similar in all three samples. Similarly to undetached flowers, bis-PU was the most abundant PA-derivative before the DNA laddering stage. Thereafter, bis-PU generally decreased and mono-PU became the most abundant derivative. Thus, their levels appear to be related to the physiologial stage of flowers.
Data on the PA content of SM-treated flowers showed that this PA was taken up and converted through SD back to PU, as previously observed in other plants. 49, 59 In addition to free PA, TCA-soluble conjugated SD and PU also accumulated under this treatment. Thus, the antisenescence effects exerted by SM could be due directly to free SM, to its free and/or TCA-soluble derivatives and/or its TGase-catalysed conjugates. TCA-soluble conjugated PAs constituted most of the total PA pool in tobacco flowers; these conjugates are mainly hydroxycinnamoyl amides. They are characteristic only of some plant families and are reported to increase in flowering and to be involved in reaction to pathogens. 44 No evidence is reported that these conjugated PAs could be involved in senescence.
In animal systems the role of free PAs in apoptosis is still controversial. Prevention of apoptotic cell death by PAs was also observed in cultured cerebellar granule neurones. 60 Similarly to the present data obtained in tobacco flower, the protective effect of supplied free PAs against PCD was observed by Bru È ne et al. 3 in thymocytes: SM, and to a lesser extent SD, but not PU, blocked DNA fragmentation and the onset of apoptosis, possibly by binding to DNA, as suggested by the authors. Also in higher plants, SD binds to DNA in vivo 61 and in vitro 62 ± 64 by non-covalent interactions. By contrast, SM and SD are known to have an anti-nuclease and anti-protease action. 65, 66 More recently it was shown that SM inhibited dexamethasone-induced apoptosis upstream of caspase-9 activation. 67 Some papers describe an apoptosis-inducing effect of free PAs. In intestinal epithelial cells, depletion of SD and SM, and accumulation of PU caused an increase of apoptosis, suggesting that normal levels of PA are necessary for PCD to occur within the usual time frame. 68 An over-accumulation of SD caused hypercondensation of chromatin and internucleosomal cleavage. 69 SM also caused cytochrome c exit from mitochondria and caspase activation in leukaemia cells and in a cell free system. 70, 71 In these systems, a 2 ± 4-fold accumulation of free cytosolic PAs was responsible for the activation of the death programme. 69, 71 In senescent Nicotiana corollas supplied with SM, free PAs increased to a similar extent; however, differently from animal cells, plants can buffer against excess PAs by conjugating them to low molecular weight molecules (TCA-soluble conjugates) and compartment them in the vacuole. 72 Thus, the different effects of free PAs on apoptosis could also depend on their real concentration in the cytoplasm and organelles. However the bound form could be responsible for these effects.
The possible roles of tTGase in apoptosis in animal cells have been recently reviewed by Melino and Piacentini, 14 Griffin and Verderio, 15 Chen and Metha 16 and Fesus. 17 A similar role for other TGases was described in many ageing mammalian systems. 6, 11 TGase could act as GTPase in early apoptotic events 14 and also as stabiliser of specific proteins acting in its transamidating role; it polymerises proteins such as actin, annexin, vinculin, fibronectin, retinoblastoma protein, troponin, beta-tubulin, glutathione transferase P 1-1, core 54 and H1 56 histones. The latter are cleaved during apoptosis causing DNA laddering.
In plants there are no data about the possibility that TGase acts as a GTPase. The identification of proteins modified by PAs via transamidation in petals, which represent a good model of a genetically-based programme leading to PCD, 36 will, in future, confirm if plants and animals share some of the basic mechanisms of PCD.
Materials and Methods
Plant system
Plants of Nicotiana tabacum L. (Solanaceae) cv Samsun were grown in the Orto Botanico of Bologna in pots in a growth chamber at a fixed temperature (258C) and light intensity (10 15 quanta/cm 2 s), and a photoperiod of 12 h light/dark. The developmental stages of the flowers were identified by corolla size, shape and colour. Whole corollas were collected at different developmental stages and analyzed cytologically and biochemically (pigments, water and protein content, conductivity, DNA fragmentation, protease and TGase activities). Experiments were also performed by cutting flowers at anthesis at the base of the pedicel and immersing them in different solutions of PU, SD and SM for different lengths of time. Labelled SM, N,N'-bis-(3-aminopropyl)-( [1,4- 14 C]tetramethylene-1,4-diamine) (4.07 GBq/mmol; Amersham Pharmacia Biotech., UK), was added as a tracer to measure SM conjugation. As a control, untreated flowers and flowers treated with 0.25 mM STS were used.
Conductivity
Conductivity measurement was performed by means of a conductimeter according to Mittler et al. 73 Petals were immersed in 40 ml of distilled water whose conductivity was measured at 0 time and after 3 h. Results are expressed as percentage increase relative to the lowest value measured, i.e. at stage 3/4.
Water
Water content was determined by measuring fresh and dry weights and expressed as the percentage of water on total fresh weight. Dry weight was determined after drying petals in a stove at 1108C until no further change in weight was observed.
Pigments
Pigments were extracted by soaking petals in 3 ml methanol-HCl 1% for 1 h. Anthocyanin content was determined on the clarified supernatant by absorbance measurement according to the formula: A 530 70.256A 657 that corrects absorbance for chlorophyll degradation products. 74 A 657 was used to evaluate chlorophyll content as phaeophytin.
DNA fragmentation
DNA extraction was performed using the QIAGEN Dneasy Plant Minikit, according to the manufacturer's instructions. DNA (2 ± 5 mg) was loaded on 1.4% agarose gels which were stained with ethydium bromide before migration. albumin as standard. All chemicals were purchased from Sigma, Aldrich (Milano, Italy).
Protease activity
Protease activity was determined by the azo-casein method. 76 Samples (about 200 mg) were homogenised in five volumes of 250 mM sodium citrate buffer pH 5 (optimal pH as determined by assaying in the pH 3 ± 8 range) containing 2 mM 2-mercaptoethanol and centrifuged 30 min at 13 2506g. Each assay mixture contained: 270 ml buffer, 150 ml azo-casein (10 mg/ml aqueous solution), 80 ml sample or buffer. The reaction was immediately stopped in half of the samples by adding 900 ml 10% TCA (T 0 ). The other samples were incubated for 3 h (T 3 ) at 378C, stopped as above and kept for 45 min at 48C. Protease activity was evaluated as the DA 366 (difference between optical densities of the samples T 3 and T 0 ). Activity was measured in the presence or absence of 1 mM PMSF or 0.1 mM leupeptin. 76 
Transglutaminase assay
Corollas were extracted in 100 mM Tris-HCl pH 8 containing 2 mM DTT, 0.5% Triton X-100 and 15 mM 2-mercaptoethanol. The extract was centrifuged at 5006g for 10 min. The in vitro assay was performed on the basis of the method of Lorand et al. 77 modified as follows. The incubation mixture, whose final pH was 7.7, included: 100 ml supernatant (containing about 600 ± 700 mg total proteins), 200 ml 100 mM pH 8.5 Tris buffer and final concentrations of the following: 0.2 mM putrescine (PU), 3 mM 2-mercaptoethanol and 5 mM CaCl 2 . As radioactive tracer 222 kBq [1,4(n)-3 H]PU (0.55 TBq/mmol; Amersham Pharmacia Biotech., UK) was supplied to the assay mixture. In some experiments different concentrations of CaCl 2 were added to the assay mixture together 1 mM EGTA according to Lilley et al. 19 Different concentrations of EGTA, pre-incubated for 10 min, were also assayed. After 60 min of incubation at 308C, the reaction was stopped with 5% (w/v final concentration) TCA also containing 2 mM unlabelled PU in order to remove trapped free polyamines. The mixture was stored at 48C for 24 h and then centrifuged at 13 2506g for 10 min. Pellets were solubilised with NaOH at 378C and then precipitated twice with 5% TCA. An aliquot of the final solubilised pellet was dissolved in Ultima Gold (Canberra Packard, Milano, Italy) scintillation cocktail and radioactvity counted in a Beckman LS 6500 scintillation counter.
Polyamine derivatives
The solubilised pellet, washed with anhydrous ethyl ether, was proteolytically digested as described by Folk et al. 78 Ion exchange chromatographic separation of g-glutamyl polyamines in the acidinsoluble fraction was performed on a Jasco HPLC, equipped with a 4.5690 mm column packed with Ultropack 8 resin (Na + form), using the five-buffer system previously reported. 49, 78 The identity of conjugated polyamines (g-glutamyl-polyamines) was determined after releasing free polyamines by acid hydrolysis of the ion-exchange chromatographic fractions corresponding to the predicted retention times.
Polyamine determination
Polyamines were determined by HPLC after extraction with 4% TCA and dansylation as described by Torrigiani et al. 79 
Light microscopy
The epidermis of the corolla at different stages of growth was peeled off with fine forceps and immediately observed under a UV Zeiss Axiophot microscope equipped with a Zeiss UV-H 436 (BP 436/10, FT 460, LP 470) filter. The same samples were stained with a solution of DAPI (1 mg/ml) in 0.05 M phosphate buffer pH 5.8 and observed under UV light at 365 nm using a Zeiss filter UV-H 365 (BP 365/12, FT 395, LP 397). Alternatively, the sections were stained with toluidine blue and observed under white light.
All experiments were performed separately on at least five different corollas at the same stage, and repeated at least once. All values are means with standard errors. Student's t-test was used to evaluate the correlation coefficient (r) of the curves, and to compare means as reported in the legends.
